OBJECTIVE: To determine whether the renal growth associated with obesity is due to hypertrophy or hyperplasia. DESIGN: New Zealand white female rabbits were fed either standard rabbit chow (n 17) or chow foriti®ed with 10% corn oil plus 5% lard (n 18) for 12 ± 16 weeks. MEASUREMENTS: All rabbits were weighed, and intra-arterial blood pressures were successfully measured at the end of the study in 16 lean and 18 obese rabbits; percent water of entire kidneys (8 lean, 8 obese rabbits) and of de®ned regions of kidneys (8 lean, 10 obese rabbits) were obtained gravimetrically. Renal hemoglobin, protein and DNA was measured chemically (8 lean, 8 obese rabbits). RESULTS: Kidneys grew in size as the rabbits gained fat. In a series of 8 lean and 8 age-matched obese rabbits, weighing 3.7 AE 0.1 kg and 5.4 AE 0.4 kg (P`0.05), the kidneys were 20% larger in the obese rabbits: 15.0 AE 0.9 g vs 18.0 AE 2.5 g (P`0.05). Kidney protein was also 20% greater in the obese rabbit: 1.38 AE 0.06 gakidney vs 1.66 AE 0.06 gakidney (P`0.05). While total renal DNA was 16% greater in the obese: 18.2 AE 0.5 mgakidney vs 21.1 AE 0.6 mgakidney (P`0.05), no signi®cant difference existed when the DNA was expressed as mgamg protein.
Introduction
Human obesity is accompanied by a modest increase in blood pressure, suf®cient to be associated with a measurable increase in mortality and morbidity, 1 ± 5 yet reversible with weight loss. 6 The two groups of female rabbits used in this study had a similar degree of hypertension to that expected in a population of humans who are approximately 15% overweight, 7 namely a 10.5 and 4.6 mm Hg elevation in mean blood pressure. For the individual woman, there is greater than a ®ve-fold increase in the risk of hypertension for an increase in weight similar to that of these experimental animals (approx. 50%), 8 although the comparison is not exact since the experimental rabbit group represents only one speci®c pattern of obesity, namely that resulting from a rapid weight gain caused speci®cally by ad libitum ingestion of a high fat diet.
In experimental animals, weight gain is marked by sodium retention and expansion of extracellular volume in excess of that required by the increased adipose tissue. 9 This increased body water and sodium is made possible by a shift in pressure natriuresis, such that the kidney in an obese individual excretes less sodium for a given blood pressure than a kidney in a lean individual. The increased reabsorption occurs despite a greater renal blood¯ow, glomerular ®ltra-tion rate and ®ltered sodium load in the obese. 9 Such an altered renal function may be the cause of systemic hypertension. 10 Structural changes are also seen in the kidneys of the obese. Kidney growth of 24% 11 and 30% 12 has been reported for the rabbit model of obesity, as well as an augmentation in the quantity of fat present in the renal sinus. 12 In addition, the extracellular matrix of the inner medulla is markedly expanded, potentially altering the physical forces that effect the renal tubular¯uid and blood¯ows. To better characterize these changes in renal structure, the composition of lean and obese rabbit kidneys was examined to determine whether there was an increase in cell number or size, and whether there was a shift in the size of the¯uid compartments in the kidney.
Methods

Animals
The experimental protocols for this study were approved by the Institutional Animal Care and Use Committee of the University of Mississippi Medical Center and were carried out according to the Guide for the Care and Use of Laboratory Animals (Publication 86±23. National Institutes of Health, Bethesda, MD, 1985) and according to the guidelines of the Animal Welfare Act. Female New Zealand white rabbits were purchased when they were approximately 15± 17 weeks old and when they weighed 7±8 pounds (Myrtle's Rabbitry, Thompson Station, TN). They were immediately housed in a humidity and temperature controlled room with a 12 h light cycle and fed 100±120 g of standard rabbit chow daily (#5321C, Puriina, Richmond, IN). After at least two weeks of acclimation, they were randomly divided in to two groups: lean and obese. One group was fed the standard rabbit chow, a complete maintenance diet for the non-lactating adult rabbit. 14 The approximate chemical composition of the control diet was 2.5% fat, 16.2% protein, 50.5% carbohydrate, 14.0% ®ber and 7.3% ash; the mineral content included 1.1% calcium, 1.2% potassium and 0.25% sodium. The other group was fed a high fat diet ad libitum, consisting of standard rabbit chow, forti®ed with 15% added fat. The extra fat in the diet was corn oil and lard in the ratio of 2:1 by weight. Studies were performed after the rabbits had been on their diets for 8±12 weeks. During the ®nal week of feeding, there were no signi®cant weight changes in the lean rabbits (70.05 AE 0.05 kgaweek; not signi®cant (NS) by paired t-test), while the obese rabbits continued their average weight gain of 0.17 AE 0.05 kgaweek (n 17; P`0.05 by paired t-test). Two groups of rabbits were used in this study. The ®rst (A) was used to measure renal parenchymal water content, and was comprised of 8 lean and 10 obese rabbits. The second group (C) was used to determine total renal protein, DNA, hemoglobin and water content, and was comprised of 8 lean and 8 obese rabbits.
Blood Pressure
On the day of the experiments, the rabbit was brought to the laboratory and restrained in a Plexiglas holder (Plas Labs, Lansing, MI). The main ear artery was cannulated using 0.25% bupivocaine as a local anesthetic. The rear and neck restraints were then loosened and the rabbit was allowed to sit quietly for 60± 90 min. The blood pressure was recorded directly from the arterial line using a disposable pressure transducer. 15 The reported values for blood pressure are the mean of the values obtained during the last half hour, when the rabbit was in a quiet, resting state. Subsequently, the rabbits were anesthetized with iso¯urane gas and killed by cardioplegic arrest with Euro-Collins solution.
Tissue preparation and determination of renal tissue water and unstressed renal vascular volume Kidneys were removed from the rabbit, allowed to drain of blood, and freed from retroperitoneal fat; extrarenal vessels and fat were trimmed to the outline of the renal hilum. The tissue was weighed and homogenized immediately, or¯ash frozen in liquid nitrogen. Whole kidneys, or samples from identi®ed portions of the parenchyma were weighed to the nearest 0.1 mg, frozen in liquid nitrogen and dried to a constant weight (SC11, Savant Instruments, Farmingdale, NY) and again weighed to the nearest 0.1 mg. Water content of whole kidneys and of renal tissue samples was analysed on tissue from different rabbits, since the measurements were mutually exclusive. The unstressed renal vascular volume was estimated by quantifying the hemoglobin in the kidney homogenate, as measured by the peroxide oxidation of 3Y 3 H Y 5Y 5 H tetramethylbenzidine (Sigma kit 527-A, St Louis, MO).
Chemical assays
A single kidney per animal was ®nely minced (Tekmar tissuemizer with S25N10G shaft (TekmarDohrmann, Cincinnati, OH)) and made up to 50 ml with distilled water; of that suspension, 5 ml was further homogenized by a Potter-Elvehjem Te¯on pestle (Wheaton Science Products, Millville, NJ). Proteins were measured by the method of Lowry et al 16 and DNA was measured by¯uorescence, using Hoechst dye 33258 (Sigma Chemicals, St. Louis, MO). 17 
Statistical analyses
Values are given as mean AE standard error of the mean (s.e.m.). Differences were determined by the twotailed unpaired t-test 18 ; p b0.05 was accepted as signi®cant, otherwise the results were deemed (NS).
Results
In this study, the obese rabbits weighed half again as much as the lean animals: 3.7 AE 0.1 kg vs 5.7 AE 0.1 kg (n 9, 10; P`0.05) for the lean and obese rabbits, respectively, in the A series and 3.7 AE 0.1 kg vs 5.4 AE 0.1 kg (n 8, 8; P`0.05) for the lean and obese rabbits, respectively, in the C series. Obesity elevated the mean arterial blood pressure: 85 AE 2 mm Hg vs 95 AE 2 mm Hg (n 9, 10; P`0.05) and 89 AE 3 mm Hg vs 94 AE 4 mm Hg (n 7, 8; NS) in the A and C series of rabbits, respectively.
Kidneys increased in weight with obesity. In the A series, the average weight of the two kidneys comObesity and renal hyperplasia TM Dwyer et al bined increased by 42%, from 15.9 AE 0.5 g to 22.6 AE 0.8 g for the lean and the obese rabbits, respectively (n 8, 10; P`0.05). For the series C rabbits, the weights increased by 20%, from 15.0 AE 0.3 g to 18.0 AE 0.9 g, respectively (n 8, 8; P`0.05). When an entire kidney from each of the C series rabbits was homogenized, the total protein determined on a per kidney basis was also increased by 20%, from 1.38 AE 0.06 gakidney to 1.66 AE 0.06 gakidney (Table  1 ; P`0.05). The total kidney DNA was increased by 16% from 18.2 AE 0.5 mg/kidney to 21.1 AE 0.6 mg/ kidney (Table 1 ; P`0.05). However, there was no signi®cant difference when the DNA content was expressed as mgram DNAag kidney: 2.42 AE 0.06 mgag kidney vs 2.37 AE 0.07 mgag kidney (n 8,8; P b0.05). Total tissue water, as a percentage of the entire kidney, decreased by a small but signi®cant amount, from 78.7% AE 1.1% to 76.0% AE 1.2% in the lean, compared to the obese, rabbits (Series C rabbits; Table 2 ; P`0.05). However, this change was not mirrored by any parallel shift in the percentage water content of the three regions of the renal parenchyma, the cortex, the outer medulla or the inner medulla (Series A rabbits; Table 2 ). By contrast, the unstressed vascular volume, as estimated by the total kidney hemoglobin, increased by 49% (Table 1 ; P b0.05).
Discussion
The work load placed on an individual by increased fat stores dramatically increases systemic blood ow. 11 Not surprisingly, the size of the kidney also increases. 11, 12 The present study demonstrates that the renal growth is predominantly hyperplastic, as the 20% increase in renal mass is matched by a 20% increase in renal protein and a 16% increase in renal DNA content.
Renal hyperplasia
In the adult animal, many common stimuli for renal growth cause only hypertrophy, the enlargement of existing cells without cell division. Examples include pregnancy, a high protein diet and ammonium chloride loading; 19 in the case of hyper®ltration due to uninephrectomy, the DNA is little increased, with the organ growth being predominantly due to cells initially growing in size and not number. 20 Other conditions are associated with a mixed hypertrophic and hyperplastic response (including diabetes) and compensatory renal growth in the growing animal. 19 Tissue damage due to chemical toxins and acute tubular necrosis lead more directly to hyperplasia, as cells divide to reestablish the integrity of the epithelial barrier. 21 The signal to divide is carried to the renal cells by a variety of mitogens, potentially including the peptides epidermal growth factor, insulin-like growth factor 1, platelet-derived growth factor and angiotensin II. 22 In the rabbit model of obesity, renal blood¯ow is increased by 40%. 11 The glomerular ®ltration rate is also markedly increased in obesity as a compensation for the increased tubular reabsorption of sodium. 9 Because there is an increased ®ltered load that must ultimately be reabsorbed, the work performed by the kidney must also be increased and so there will be a compensatory growth in renal parenchyma. Our observation that hyperplasia occurred during this growth, suggests that cells divided either because the rabbits in this study were immature animals or that damage occurred to the renal epithelia during the development of obesity. The ®rst possibility is unlikely, since the rabbits were fed the test diets when they were aged approx. 16±30 weeks, a time when the animals were sexually mature and during which time the lean group gained no further weight. Thus, these animals were equivalent to young adults and so would not appear to be immature from the standpoint of renal ontogeny.
Alternatively, the hyperplasia may re¯ect underlying renal damage with consequent repair. Consistent with this hypothesis is the histological observation that tenascin is elevated in the renal medulla of obese vs lean humans. 23 Furthermore, the collecting ducts show elevated TGF-b 23 in the kidneys from the obese patients, relative to the control, lean patients. Tenascin is an extracellular matrix protein speci®cally found in the renal medulla; elevated levels are associated with tubulointerstitial disease, with TGF-b being a likely mediator of the increased tenascin. 24 Thus obesity may chronically damage the renal medulla, possibly by its elevation of the renal interstitial hydrostatic pressure, 9 leading to an over-in¯ation of the renal papilla.
Finally, it is worth noting that all the ®ndings discussed here, were obseved in experimental animals fed high fat diets and these results may not be relevant to individuals who gain excess weight by consuming predominantly carbohydrate. 
Decreased kidney water
Total kidney water content decreased on a percentage basis with the onset of obesity, from 79 AE 1% to 76 AE 1%. This small but signi®cant change could not have been due to a shift in the relative proportions of the constituent renal elements, because the cortex, the inner and the outer medulla, each contained a greater fraction of their mass as water than did the whole organ, whether the tissue was taken from lean or obese animals. The difference could not have been due to a decrease in the renal blood volume, because the organ is vasodilated, as evidenced by measures of renal blood¯ow in obese dogs 9 and obese rabbits. 11 Similarly, this study reports that the renal hemoglobin content, and thus the unstressed volume of the renal vasculature, was increased by 49%.
The renal sinus is that volume of the kidney which lies outside the parenchyma and it must be from this region that the kidney water was lost. In this space, vascular, ureteral and extravascular¯uids are present. While the lipid within the loose areolar tissue of the renal sinus was increased by 2.7-fold with obesity, 12 the extravascular water content of this tissue changed little (from 1.5±1.4%, when comparing lean to obese 12 ). Thus, the change in renal water, most likely occurred when¯uid was squeezed out of the low pressure vascular and ureteral elements of the renal sinus: urine from the renal calyces, lymph from the sinus lymphatics and blood from the renal vein.
Conclusion
The renal growth associated with obesity was predominantly hyperplastic and was associated with a partial exclusion of¯uid from the volume of tissue located within the renal sinus.
